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Abstract 
An Experimental Investigation on the Indoor Environmental Conditions on 
Diffusion Coefficient of VOCs in Building Materials 
Yashar Farajollahi 
After the energy crisis in 1973, efforts were made to design constructions more airtight to 
be energy efficient. Since then, sick building syndrome (SBS) has been reported more 
often as a result of poor indoor air quality (IAQ). Among the proposed strategies to 
improve IAQ, source control is determined to be the most effective approach. Because of 
their large surface areas permanently exposed to the indoor environment, building 
materials are suspected of playing an important role in determining IAQ. Source-specific 
control, however, requires adequate knowledge about the extent of volatile organic 
compounds (VOC) emissions of materials so that in decision-making stages, only 
products with lower emission rates will be chosen and installed. Hence, knowing the 
characteristics of building materials (diffusion and partition coefficients) is necessary. 
Moreover, these data are needed as input parameters for VOC emission simulations, 
which presently suffer from the lack of a database of emission characteristics of 
materials. Therefore, this study has characterize building materials by measuring their 
diffusion coefficients (D) in different environmental conditions. 
Based on the twin-chamber method, an experimental set-up was developed to determine 
the D of five VOCs (octane, isopropanol, cyclo hexane, ethyl acetate, and hexane) for 
ceiling tile as the building material. By using Fick's law, D was calculated and linked to 
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physicochemical properties of VOCs. The method used also allowed us to investigate the 
influence of temperature, humidity, and the mixture of VOCs on D. Based on obtained 
results, a systematic parametric study was conducted to quantify the importance of 
investigated factors. 
It was found that among different physicochemical properties, the D is positively related 
to vapor pressure. Additionally, no significant difference was observed between the D of 
a single VOC and that of a mixture of VOCs. Also, it was observed that temperature and 
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1.1 Indoor Air Quality Concerns 
Over the past several years, indoor air pollution and its impacts on human health have 
become a major global issue and have increasingly captured attention. After the energy 
crisis in 1973, efforts were made to design more airtight constructions in order to be 
efficient in terms of energy conservation (Stellman, 1998). That meant letting in a smaller 
proportion of fresh air from the outside and consequently minimizing the costs of heating 
and cooling of building enclosures. Although insufficient intake of fresh air in recently 
constructed buildings is not the only reason for poor indoor air quality (IAQ), sick 
building syndrome (SBS), obviously, has been reported more often since energy 
conservation policies were adopted and implemented. Buildings subject to complaints of 
occupants about symptoms are described as "sick buildings" (Godish, 1995; U.S. EPA, 
1991). 
Indoor environmental pollution has been ranked by the United States Environmental 
Protection Agency (EPA) as one of the top four environmental risks posing a significant 
threat to public health. It has been evidenced that indoor environments are more sensitive 
than outdoor air in even the most industrialized cities. At the same time, it has been 
shown that since people spend most of their time living and working indoors, they are 
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exposed to this high concentration of pollutants for 80% to 90% of their lifetime (U.S. 
EPA, 1995). Moreover, long-term exposure to even low levels of pollution, compared 
with short-term exposure to individual higher concentrations, could be more harmful and 
still does have an adverse impact on population health (Holmeberg, 1997). 
In addition to the above mentioned health issues, the financial aspects of poor IAQ are 
estimated at tens of billions of U.S. dollars per year (Levin, 1999). Considering only 
office workers in the U.S., poor air quality could result in costs of $12.4 to 24.8 
billion/year because of absenteeism and $1.5 to 3.1 billion/year due to reduced 
productivity of non-absent workers with respiratory illness. Obviously, sick buildings 
cost society more than what is gained through energy saving. Needless to say, the 
economic damage resulting from IAQ problems affect all stakeholders, including 
designers, builders, product manufacturers, building owners, occupants, and insurance 
institutions. 
1.2 Indoor Air Contaminants and Their Origins 
It is impossible to completely cover all indoor contaminants and their sources within the 
scope of this study. However, the myriad known indoor air contaminants, whose 
existence in indoor environment leads to unacceptable IAQ and subsequent SBS, could 
be preliminarily classified into two main sources, namely interior air and exterior air 
(Brooks & Davis, 1992). Exterior sources contains thousands of contaminants including 
chemicals from industrial emissions, automobile exhaust, agricultural activities, 
atmospheric photochemical phenomena, and bioaerosols from natural microbial growth. 
Ventilation system intakes, ventilation through doors and windows, and infiltration 
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through the building envelope are possible pathways for exterior contaminants to find 
their way indoors. Apart from these outdoor contaminants present in indoor air, there are 
pollutant species unique to indoor environments, including volatile organic compounds 
(VOCs) and particulates from building materials, furnishings, appliances, office 
equipment, office/residential cleaning supplies, biological sources, indoor human 
activities, and defective ventilation systems (Pluschke, 2004). 
1.2.1 Volatile Organic Compounds (VOCs) 
Volatile organic compounds are substances that contain carbon and different portions of 
other elements such as hydrogen, oxygen, fluorine, chlorine, bromine, sulfur and 
nitrogen. The boiling point of these compounds falls in the range of 50-100 to 240-260°C 
(WHO, 1989); under normal indoor conditions, therefore, they have high enough vapor 
pressure to significantly evaporate into indoor air. 
VOCs in indoor environments include aliphatic hydrocarbons, aromatic hydrocarbons, 
halogenated hydrocarbons, and oxygenated hydrocarbons such as aldehydes, alcohol, 
ketones, esters, ethers, and acids. The VOCs emitted from the wide variety of sources 
mentioned in the previous section are suspected to be the leading cause of SBS symptoms 
(Godish, 1995). First, many VOCs can cause both sensory irritation and central nervous 
system symptoms characteristic of SBS. Second, concentrations of these compounds in 
indoor air is significantly higher (2-100 times higher) than in outdoor environments. 
Finally, because VOCs are present in large numbers in indoor air, they may cause 
symptoms as a result of additive and/or multiplicative effects (Godish, 1995). 
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1.2.2 Building Construction Materials as Sources and Sinks of VOCs 
The following classification identifies four categories of building materials with respect 
to contaminant emission (Zhang, 2005): 
1. Adhesives, sealants, and architectural coatings that outgas benzene, ethyl 
benzene, formaldehyde, hexane, styrene, tetra chloro ethylene, toluene, xylene, 
etc. 
2. Particleboard and plywood that release benzene, formaldehyde, styrene, toluene, 
etc. 
3. Carpet, resilient flooring, and wall-coverings that emit acetaldehyde, ethyl 
benzene, formaldehyde, styrene, toluene, xylene, etc. 
4. Insulation, acoustical ceiling tile, and furnishings that generate benzene, 
chloroform, ethyl benzene, formaldehyde, hexane, methylene chloride, toluene, 
trichloroethylene, xylene, etc. 
Because of their large effective surface areas exposed to the indoor atmosphere, building 
materials and interior furnishings are suspected of playing an important role in 
determining air quality in buildings. The worst aspect is permanent exposure of these 
materials to indoor environments. Building materials generate a surprising array of VOC 
emissions, especially in newly constructed or renovated buildings (Wolkoff, 1995; 
Haghighat et al., 1993). After installation of these materials, VOCs start to outgas 
continuously in two consecutive periods: the primary emission and the secondary 
emission (Wolkoff, 1995; Wolkoff, 1999). In primary emission, non-bound and free 
VOCs in the materials, which are generally low molecular weight VOCs used in the 
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production of accelerators, additives, antioxidants, plasticizers, solvents, and unreacted 
raw materials like monomers, escape from porous media during a relatively short period 
after installation. Thereafter, secondary emission occurs in which VOCs that were 
initially chemically or physically bound release into the indoor environment. In some 
cases, the secondary emission could take the entire life of the building materials to be 
released. 
In conclusion, building materials have long-term/permanent direct effects on the ability to 
provide acceptable IAQ through sorption and desorption of VOCs, especially materials 
with large surface area and high adsorption capacity, such as carpet, wallpapers, ceiling 
tile, etc. In another words, building materials act as sources of and sinks for VOCs. That 
is, to attain equilibrium between adsorbed phase and gas phase, VOCs are always being 
transferred from one phase with a higher concentration to another phase with a lower 
concentration. Although such interactions between VOCs and building materials regulate 
the peak concentration of indoor contaminants, subsequent desorption of adsorbed 
pollutants delays removing them from indoor environments and prolongs their presence 
in indoor environments. Many studies have investigated the mechanism of sink and 
source behavior of building materials (see Haghighat and de Bellis, 1998). 
1.3 Strategies to Improve IAQ 
In order to improve IAQ and, as result, to mitigate the potential health impacts caused by 
poor IAQ, the following strategies have been proposed: 
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Source-specific control is the most effective approach when contaminant sources are 
known. However, modifying pollutant sources, eliminating them from the site, or 
replacing them with materials with no or minimal emissions requires foresight and a 
knowledge of the characteristics of materials, furnishings, and office equipment (Godish, 
1995; U.S. EPA, 1991). 
The second possible approach to improving IAQ is to increase the ventilation rate, which 
leads to the dilution of pollutant concentrations in the indoor environment. This approach, 
however, results in additional costs because of the excess load that HVAC systems have 
to bear. For naturally ventilated buildings, this approach could be implemented by 
opening doors and windows, operating window or attic fans, or employing window air 
conditioners with the vent control open; however, this strategy is somewhat limited by 
weather conditions (Godish, 1995; U.S. EPA, 1991). 
Another approach to improving IAQ is the use of air cleaners. However, the effectiveness 
of such devices to capture specific gaseous and particulate contaminants is not equally 
satisfactory. Nevertheless, this could be a useful adjunct to source-specific control and 
increased air exchange rate. In addition to these three approaches, education and 
communication have been identified as key components in both remedial and preventive 
IAQ management programs. By communicating and fully understanding the causes and 
consequences of IAQ issues, building inhabitants, management, and maintenance 
personnel can work more effectively together to avoid potential problems before they 
occur (Godish, 1995; U.S. EPA, 1991). 
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1.4 Motivations 
As described earlier, the importance of IAQ and related issues has motivated researchers 
to conduct studies and develop strategies to provide acceptable IAQ for public health 
enhancement. Better IAQ can be achieved through the implementation of the four 
approaches mentioned in the previous section, and in particular, by preventing health-
affecting indoor air contamination problems from happening in the first place, which 
seems to be more logical than attempting to control it once it has manifested itself in the 
form of SBS symptoms and complaints. 
Determined to be the most important source of VOCs in building enclosures (Lagoudi et 
al, 1995), building materials and furnishings should be the first target to be removed, 
treated, or modified. Source-specific control, however, requires adequate knowledge 
about the extent of VOC emissions of different materials and the interactions between 
pollutants and their sources so that in decision-making stages, only products with lower 
and safer emission rates will be chosen and installed. Moreover, understanding the 
processes involved in sink and source behavior of porous building materials, such as 
diffusion and adsorption, enables designers, manufacturers, consumers and other decision 
makers to develop strategies that improve IAQ and promote sustainable development. 
Also, knowing the characteristics of building materials is necessary for modeling and 
predicting VOC emissions. This involves diffusion coefficients and partition coefficients 
of individual VOCs that are input parameters for VOC emission modeling. Presently, 
such simulations suffer from the lack of a database of diffusion coefficients and partition 
coefficients. Once this information is available, building designers will be able to apply 
these physical models, predict indoor air quality, and select the most appropriate 
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mechanical ventilation system. Based on these data, manufacturers will be able to 
produce materials with diminished VOC emissions that meet requirements to deliver 
acceptable IAQ; and engineers will be able to design appropriate ventilation systems to 
remove contaminants efficiently. 
Since the ultimate goal of such studies is to establish a link between emission test data 
and health data, by measuring the diffusion coefficient under different environmental 
conditions, this study is intended to characterize a building material as regards VOC 
emissions. This information, adjunct to information obtained from other building 
materials, helps decision makers to choose less harmful materials so that SBS could be 
expected to be minimized. Among the environmental factors that could considerably 
influence material source emissions and sink behavior are temperature and humidity. This 
investigation is aimed at developing an experimental procedure to measure VOCs 
diffusion coefficient and to study the impact of changing environmental conditions on the 
diffusion coefficients. 
1.5 Objectives 
The objectives of the study were as follows: 
• To develop an experimental set-up to determine the diffusion coefficient of 
building materials; 
• To investigate the influence of environmental conditions (temperature and relative 
humidity) on the diffusion coefficient; 
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• To investigate the impact of a VOC as a single gas and as a mixture on the 
diffusion coefficient. 
• To study the effects of the physical/chemical properties of VOCs and building 
materials on the diffusion coefficient. 
• To quantify the effect of pressure differences on the measurement of diffusion 
coefficients and estimate the magnitude of associated error. 
1.6 Thesis Outline 
Chapter 2 is a review of the literature, providing a brief description of the concept of 
sink/source behavior, its mechanism, and the processes involved; principles of diffusion; 
techniques used to measure diffusion coefficients; and relevant data. In Chapter 3, a 
modified experimental set-up used to determine the diffusion coefficient of VOCs in 
building materials is proposed, followed by a description of the experimental design and 
procedure. Chapter 4 reports on the analysis of achieved data using a statistical method, 
and provides a discussion of results Chapter 5 contains conclusions and recommends 





When building materials are installed in an indoor enclosure, a continuous interaction 
starts taking place between indoor air and exposed building materials. Over time, this 
may influence IAQ to a much higher extent than might be expected using traditional air 
quality models in which sink/source effects are not taken into account. On the other hand, 
these materials behave as a buffer due to their sink/source effects, and consequently 
reduce peak concentrations. That is, the direction of VOC transport varies sequentially 
which tends to smooth out abrupt changes of pollutant concentrations in room air; for 
instance, when new furniture is installed, paint is applied on a surface, or the ventilation 
rate is reduced at night and on weekends. 
The physical mechanisms involved in sink behavior of building materials are similar to 
those that occur when VOCs are emitted from indoor furniture (source effect), but in 
reverse order. These mechanisms include (Axley, 1993): 
• Bulk advection (convection) of VOCs from remote areas to areas containing the 
adsorbent (building material, furniture, etc.); 
• Boundary layer diffusion (contaminants in room air diffuse to air close to the 
building material surfaces); 
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• Surface adsorption; 
• Diffusion of contaminants within materials in vapor phase and solid phase. 
The aim of underlying work of this thesis has been to investigate these mechanisms, and 
the processes involved in VOC emissions from building materials, and in particular, the 
last transport phenomenon which is the diffusion of VOCs within building materials. 
Once the building materials are characterized according to their diffusion coefficients, the 
results of further modelings may be more reliable and any potential variations in air 
quality could be more predictable. 
As described in the previous chapter, among the strategies mentioned source control 
could be the wisest choice to enhance IAQ. This requires adequate information about the 
nature of the interactions between VOCs and building materials. However, unlike the 
adsorption process, which has been the subject of much research and has received 
significant attention from researchers, diffusion studies, especially studies of the 
influence of environmental conditions such as temperature and relative humidity, have 
suffered from the lack of a complete database resulting from insufficient investigations. 
The main focus for the research for this study was to determine unknown material 
parameters (diffusion coefficients) in a physical model based on Fick's first law by 
conducting a set of experiments. Hence, this chapter begins with an introduction to 
process principles, followed by an explanation of the physical models used to describe 
VOC transfer within materials. Thereafter, different experimental methods used to 
measure these models' parameters are reviewed. 
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2.2 Principles of Processes 
In this section, the most common physical processes involved in the sink/source effects of 
materials are briefly explained. 
2.2.1 Adsorption 
Because of intermolecular forces, gas molecules are partially adsorbed to the surface of 
materials when they are in direct contact with each other. These attractive interactions, 
called London forces, are a process in which a monolayer or multilayer of molecules is 
formed and sticks to the surface of a material (Atkins, 1992). The strength of London 
forces varies with the type of substance; however, these physical bonds are basically 
weak. Thus, accumulated molecules on the surface of material start leaving the surface 
causing the "source behavior" of the materials. 
In order to quantify adsorption processes at specific temperatures, adsorption isotherms, 
which determine the amount of adsorbed gas on a surface as a function of gas 
concentration, are used. The most common adsorption models are the linear adsorption 
isotherm, the Langmuir isotherm, the Freundlich isotherm, and the BET isotherm (Masel, 
1996). Within the scope of indoor air studies, however, they may all be simplified to the 
linear adsorption isotherm since the level of VOC concentration is normally low. 
2.2.2 Diffusion 
The most commonly used mechanisms to describe compound transport in a porous 
medium with negligible pressure differences are molecular diffusion, Knudsen diffusion, 
and surface diffusion. A brief description of these diffusion processes is presented here. 
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Molecular diffusion: When there is a concentration gradient in a fluid or solid, molecules 
are transferred from higher concentrations to lower concentrations to even out 
concentration differences. The process may be enhanced by low pressure and high 
temperature (Bird et al., 2002). According to Fick's first law, the one-dimensional 
diffusion flux per unit area, J, is proportional to the concentration gradient of the 
diffusing species, — , as shown below: 
dx 
J = -D Equation 2-1 
dx 
where D is the diffusion coefficient, C is the concentration of the diffusing species, and x 
is the distance along which diffusion takes place. The negative sign in Fick's first law 
equation implies that the diffusion flux is directed towards decreased concentration. 
In a transition state where the concentration varies over time, Fick's second law for one-
dimensional diffusion is given as: 
(dc) = D 
X {dx2) 
Knudsen diffusion: When the diameter of material pores is smaller in comparison with 
the mean free path of the diffusing molecules, the collision between the molecules and 
the walls of the pores is more probable, and takes place more frequently than 
intermolecular collisions. This process is known as Knudsen diffusion, and the 
dimensionless Knudsen number, Kn, determines whether the process is dominated by 
Knudsen diffusion or molecular diffusion (Cussler, 1997). 
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Kn = — Equation 2-3 
where X is the mean free path of the diffusing molecules, and L is the pore diameter of the 
pores inside the porous material. When the Knudsen number is small compared to unity, 
of the order of Kn < 0.1, the process can be described as molecular diffusion. When the 
Knudsen number is near or greater than one, the continuum mechanics formulation of 
fluid mechanics is no longer a good approximation and the process should be described 
by Knudsen diffusion. 
The mean free path is the average distance a molecule travels before it collides with 
another molecule. For monomolecular gases, the mean free path can be estimated using 
the following equation (Cussler, 1997): 
A = —r= — Equation 2-4 
-42nanp 
where an is the collision diameter of the diffusing molecules, ks is the Boltzmann 
constant, Tis the absolute temperature and/? is the pressure. 
By using the kinetic theory of gases, the Knudsen diffusion coefficient can be expressed 
by the following correlation (Cussler, 1997): 
DKn = 3 
d r . m , 0 5 2kBT 
m 
Equation 2-5 
where m is molar mass. 
Surface diffusion: Surface diffusion, which occurs in the pores of porous materials, 
involves adsorption of gas molecules on the pore surfaces and subsequent diffusion in the 
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condensed phase resulting in additional flux (Hansson, 2003). Surface diffusion, 
however, is not as remarkable as molecular diffusion since mobility of the adsorbed 
phase is considerably smaller than that of the gas phase. 
2.3 Diffusion in Porous Materials 
The mechanisms described earlier present a very idealized view of diffusion processes. In 
practice, diffusion in porous media is more complicated due to the complex structure of 
the material consisting of a random network of interconnecting pores of varying diameter 
and orientation (Karger, 1992). Moreover, because of the non-straight form of the pores, 
the diffusion distance is much longer than in a homogeneous material, and the cross-
sectional area is also much smaller. This makes it hard to determine the effective 
diffusion coefficient for porous materials. 
Defining the effective diffusion coefficient in porous media may be done using two 
approaches which identify the principles for further modelings. The first approach 
assumes that the porous material is composed of pores and solid particles which are 
impermeable to the diffusing substances, and that diffusion occurs only in the pores of 




Defr=£—— Equation 2-6 
T 
where s is the fraction of pores of the cross-sectional area, Dgas is the diffusion coefficient 
within the pores, and r is the tortuosity factor. Tortuosity is dependent on the length of 
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the pores. 
The second scenario assumes that the molecules are allowed to diffuse through the solid 
materials as well as the pores. In this case the effective diffusion coefficient, De/f, is a 
function of the diffusion coefficient within the pores, Dgas, the diffusion coefficient 
within the solid phase of the material, Ds, the aspect ratio of the solid flakes, a, and the 
volume fraction of the solid flakes,^. 
A # = f(Dgas. A > a, </>) Equation 2-7 
Figure 2-1: Diffusion in porous medium 
The top arrow represents a case where a solid is impermeable to the diffusing molecules. 
The bottom arrow represents a case with a permeable solid. 
Based on these two approaches, models for VOC transfer in building materials have been 
developed that will be discussed in the section 2.4. 
In reality, VOC transport through a porous medium will be governed by various diffusion 
and sorption processes. Normal and Knudsen diffusion in gas phase of the material 
combined with surface diffusion in adsorbed phase on the pore surfaces will contribute to 
an integrated diffusion process. This process, at the sane time, can be affected while 
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coupled with adsorption of VOC on the pore surface. For example, VOC adsorption on 
the pore surface reduces gas phase VOC concentration resulting in a reduced mass flow 
along the concentration gradient across the material. On the other hand, due to VOC 
adsorption on the pore surface, an additional transport process takes place in the form of 
surface diffusion (Meininghaus & Uhde, 2002). 
By establishing a mass balance over the porous medium the effects of aforementioned 
processes can be lumped together in the following definition (Cussler, 1997): 
e-^L + CL-e)^L = sDgas — ^ + (1 - e)D, ^f- Equation 2-8 
ot ot oy oy 
where, Cgas is the VOC gas phase concentration in the material (ug of gas phase VOC/m3 
of air), Cad is the VOC adsorbed phase concentration in the material (ug of adsorbed 
phase VOC per cubic meter of solid phase), Dgas is the VOC gas phase diffusion 
coefficient within the pores (m2/s), Ds is the VOC solid phase diffusion coefficient within 
the material (m2/s), and e is the porosity of the material (m3 of air/m3 of material). 
Equation 2-8 for an impermeable solid (Ds=0) can be rewritten to: 
dCgas eDgas d2Cgas 
— I — = K? ZT~ Equation 2-9 
dt
 * + -£-(!-*) * 
scad 
where / is a function describing the Cgas vs. Cad equilibrium relation (sorption isotherm). 
Comparing this equation with Fick's second law of diffusion, an alternative effective 
diffusion coefficient can be defined as: 
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sDgas 
Deff = — Equation 2-10 
scad 
The effective diffusion coefficient depends on the concentration, which is expressed by 
the term. When strong sorption occurs, Deff becomes very small. When sorption is 
scad 
not significant, De/f may depend on gas phase diffusion parameters. 
2.4 Physical Models for VOC Transfer within Materials 
In order for us to be able to predict VOC emissions from building materials, physical 
models have been developed, and based on those, experimental methods have been 
designed to determine the properties of building materials, which are input parameters for 
these physical models. Based on assumptions about the physical status of VOCs in 
materials, physical models for VOC transfer within building materials are classified into 
one-phase models and multi-phase models (Haghighat et al., 2005). 
2.4.1 One-phase Models 
In the one-phase model, the building material is assumed to be a single homogeneous 
medium within which VOC mass transfer takes place by diffusion (Figure 2.2.a), and 
Fick's second law is used to describes this process: 
dC d2C 
= Dm f- Equation 2-11 
3t m 8y2 
where, Cm is the VOC material phase concentration in the material phase (ug/m3), Dm is 
the VOC material phase diffusion coefficient (m2/s), y is the coordinate in which 
diffusion takes place (m), and t is the time(s). 
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VOCs tend to be adsorbed or accumulated on the surface of material due to the 
intermolecular forces, mainly Van der Waal's forces (Hansson, 2003). Hence, at the 
material/air interface, the concentration of VOCs in the material phase is always higher 
than in the indoor gas phase concentration, and equilibrium is always established between 
these two concentrations. Since concentration levels of indoor air pollutants are much 
lower than their saturated concentration, it can be assumed that there is a linear 
equilibrium relationship between VOC concentration in the gas phase and VOC 
concentration in the material phase. At constant atmospheric pressure and isothermal 
conditions, therefore, the Henry isotherm can be used to describe this process (Axley, 
1991; Cox etal., 2001): 
Cm=KmCgas Equation 2-12 
where, Cm is the VOC material phase concentration in the material phase (ug/m3), C is 
the VOC gas phase concentration in the near material surface air (ug/m3), and Km is the 
VOC material phase/gas phase partition coefficient. 
2.4.2 Multi-phase Models 
In multi-phase models, mass transfer occurs through porous material which consists of 
voids (pores) and solid parts; thus, the VOCs in these two parts are called gas phase and 
adsorbed phase on the pore surfaces, respectively (Figure 2.2.b). The governing equation 
for such models is given as: 
dC„„, dC,, d Coa, 
&;_
 aJ_ = D sfi Equation 2-13 
dt 3t gas dy2 
where, Cgas is the VOC gas phase concentration in the material (ug of gas phase VOC/m 
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of air), Cad is the VOC adsorbed phase concentration in the material (jag of adsorbed 
phase VOC/m3 of material), Dgas is the VOC gas phase diffusion coefficient within the 
material (m2/s), and £ is the porosity of the material (m3 of air/m3 of material). 
As the above equation illustrates, two accumulation terms on the left side of the equation 
consider accumulation in both the gas phase and adsorbed phase; and on the right side of 
the equation, VOC transfer within the material is considered only by the gas phase 
diffusion (i.e., molecular and/or Knudsen diffusion) through the pores, whereas adsorbed 
phase diffusion is regarded as negligible. Further developments in multi-phase 
approaches consider both surface diffusion (adsorbed-phase diffusion) and gas-phase 
diffusion in the pores (Lee et al, 2005; 2003). 
Similar to one-phase models, the linear adsorption isotherm can be applied in order to 
associate gas phase concentration with adsorbed phase concentration since indoor 
environments present low levels of pollutant concentration: 
Cad = KCgas Equation 2-14 
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b) Multi-phase model 
Figure 2-2: VOC within material and in room air 
2.5 Diffusion Coefficient Measurement Methods 
Haghighat et al. (2002) carried out a comprehensive review of diffusion coefficient 
measurement techniques and classified them according to experimental set-up into three 
categories: the so-called cup method; the twin chamber method; and the porosimetry test 
method. A description of these approaches follows. 
2.5.1 Cup Method 
The cup method is considered by ASHRAE (1997) to be the simplest method of 
measuring the diffusion coefficient of building materials. In this method, a sample of the 
building material tightly covers the top opening of a cup containing a liquid VOC. In a 
controlled environment, the cup is weighed periodically using a high-precision 
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microbalance, and the VOC weight loss is monitored over time. The diffusion coefficient 
can then be obtained from the rate of VOC weight loss at steady state: 
_ m d 
Dafr= Equation 2-15 
eff
 AC 
where De/f is the effective diffusion coefficient (m2/s) of the tested material, m is the gas 
mass flow rate through the material (mg/s) (calculated from the slope of the weight-loss 
curve), A is the material area (m2), d is the material thickness (m), and C is the mass 
concentration of the diffusing substance (mg/m3). 
This method offers the advantages of ease of use and simplicity of calculation. However, 
unrealistically high levels of VOC concentration created by the liquid VOC in the cup has 
been identified as the main drawback of this approach. For instance, the saturation 
concentration for n-octane and ethyl acetate at 23°C is 97.36 g/m3 and 473.45 g/m3, 
respectively; whereas according to Seifert (1990), who developed the first notable 
guideline for indoor VOCs, TVOC (total volatile organic compounds) does not exceed 
300 ug/m3 in a residential enclosure with acceptable IAQ. Further, no individual 
compound should have a concentration of more than 10% of TVOC. 
The high concentration issue can be resolved by placing desiccants in the cup to reduce 
vapor pressure to zero and create the desired low concentrations which are closer to 
reality. This modified set-up, known as the dry-cup method, delivers low constant 
concentrations to the chamber, but the test takes longer to complete since it involves a 
lower concentration gradient ASHRAE (1997). 
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Employing this method, Kirchner et al. (1999) measured the diffusion coefficients of n-
octane and ethyl acetate for six building materials including wallpaper with paste, PVC 
floor covering, carpet, acrylic paint on woodchip paper, gypsum board, and aerated 
concrete. In addition to these materials and chemicals, the diffusion of toluene in gypsum 
board, medium-density fiberboard, and wood particleboard were investigated in a study 
by Hansson and Stymne (2000). The diffusion coefficients were determined at a 
temperature of 20°C and relative humidity less than 5%. 
2.5.2 Twin Chamber Method 
Basically, the twin chamber method involves two identical chambers between which the 
sample material is placed. The carrier gas with a constant level of VOC concentration is 
then introduced into one chamber, while a fresh air stream is supplied to another 
chamber. Samples are taken from outlets on both chambers and concentrations are 
continuously monitored until the system reaches steady state. Unlike the cup method, the 
twin chamber allows better control of the level of VOC concentration introduced into the 
chamber. Furthermore, this method is able to analyze unsteady-state conditions, and 
where analyzing facilities allow, several VOCs can be tested simultaneously. 
Studies using the twin chamber approach are described below: 
A) CLIMPAQ method: 
Meininghaus et al. (1998) used pairs of CLIMPAQ-type small-scale chambers to quantify 
the diffusion properties of n-octane and ethyl acetate in eight building materials including 
wallpaper with paste, PVC floor covering, carpet, acrylic paint on woodchip paper, 
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gypsum board, aerated concrete, solid concrete, and brick wall. As illustrated in Figure 
2.3, this experiment was performed by placing materials to be tested between a primary 
chamber, which is ventilated with VOC-containing air, and a secondary chamber, which 
is ventilated with clean air. The single VOC was constantly dosed using a VOC generator 
at a constant ventilation rate. Then, the stream was split and directed to all primary 
chambers, and VOC concentrations in the supply and exhaust air of each chamber were 
recorded. The volume of each chamber was 50 liter and the air exchange rate was set to 
2hr"\ Temperature and relative humidity in the chambers were kept constant at 
24 +0.5° C and 45 ± 3 % , respectively. A fan was used in each chamber to ensure 
sufficient air mixing and avoid any concentration gradient inside the chamber. 
Clean air 
Figure 2-3: Schematic of a CLIMPAQ chamber (Meininghaus et al., 1998) 
In order to calculate the diffusion coefficient of a given material, Fick's first law was 
utilized and then modified as described below: 
D m Ax Vd C, # A Ac A C2-Cl 
Equation 2-16 
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where DeJf is the effective diffusion coefficient (m2/s), m is the mass flow rate through the 
material (mg/s), A is the area of specimen (m2), V is the ventilation rate (m3/s), d is the 
material thickness (m), and C; and C2 are the VOC concentrations under steady-state 
conditions in the primary (contaminated air supplied) and secondary (clean air supplied) 
chambers respectively (mg/m3). 
The assumptions made in this study, similar to the previous case, include: 1) the 
concentration gradient inside the material is considered as linear and one-dimensional; 2) 
the diffusion coefficient is independent of concentration; and 3) the concentration 
gradient in the modified Fick's first law is considered as the concentration difference of 
the material surfaces. That is, the resistance to diffusion in the boundary layer on both 
sides of the material was ignored, which means that the surface concentration was 
assumed to be equal to the chamber air concentration. This requires the chamber air to be 
completely mixed. Subsequent studies showed that these assumptions may lead to a 
significant underestimation of the diffusion coefficient (Haghighat et al. 2002, Lee 2000). 
B) Diffusionmetric method: 
Using the diffusionmetric apparatus shown in Figure 2.4, Bodalal et al. (2000) conducted 
a study to determine diffusion and sorption properties for four VOCs (toluene, nonane, 
decane, and undecane) through the backing material of a carpet specimen, for four VOCs 
(ethyl benzene, nonane, decane, and undecane) through a floor tile specimen, and for 
three VOCs (cyclo hexane, ethyl benzene, and decane) through a plywood specimen. 
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Experiments were performed in static situation where the boundaries of the system were 
closed. The system consisted of two identical 50 / chambers, separated by a specimen. At 
a temperature of 23±1°C and relative humidity of 50±5%, a single VOC or VOC 
mixture was introduced into a chamber, and gas samples were drawn out of each chamber 
periodically through sampling ports and collected in adsorbent tubes. Then, samples were 
analyzed using a GC/FID system to determine the VOC concentration. 
The researchers modeled the whole process using Fick's second law of diffusion and 
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Figure 2-4; Diffusionmetric apparatus (Bodalal et al, 2000) 
—— = Dm ——f- (Fick's second law) 
dt 8x 
Equation 2-17 
the boundary condition at the material surface in the low concentration chamber side is: 
Cm,=Kcx at x = 0 Equation 2-18 
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the boundary condition at the material surface in the high concentration chamber side is: 
Cm 2 = Kc2 at x = d Equation 2-19 
and initial conditions are: 
C = 0 at t = 0 and 0 < X < d Equation 2-20 
where, Dm is the diffusion coefficient of a VOC in the material phase (m2/s), Cm is the 
VOC concentration in the material phase (mg/m3), c is the VOC concentration in the 
chamber air (mg/m3), d is the specimen thickness (m), and K is the equilibrium partition 
coefficient between the specimen and the air (mg m"3/mg m"3). 
Based on the described experimental set-up, the correlation of D and K with VOC 
properties was investigated. The authors showed that the diffusion coefficient for a given 
material is inversely proportional to the molecular weight of the VOCs. They also found 
that partition coefficients increase with VOC vapor pressure. 
The assumptions made in this model were: first, that by running a fan inside both 
chambers and making the air completely stirred, convective resistance can be neglected 
as compared with diffusive mass transfer resistance; and second, that there is an 
instantaneous equilibrium between material surface concentration and concentration in 
chamber air. 
Quantification of diffusion and partition coefficients in transient conditions is considered 
to be an advantage of this method since it reflects real-life applications. However, the 
calculation procedure is fairly complicated because the diffusion coefficient and partition 
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coefficient are coupled and calculated simultaneously. So there could be a risk of having 
multiple solutions. 
C) Twin-compartment method: 
Hansson and Stymne (2000) proposed an experimental set-up in which the diffusion and 
absorption properties of toluene in three building materials were evaluated by fitting a 
simple mathematical model to the experimental data. Material to be tested was placed 
between two 62 ml cylindrical stainless steel compartments. Compartments were 
identically equipped with inlet and outlet streams (Figure 2.5). One chamber was 
conditioned with clean air and the other flushed with VOC-containing air. The toluene 
concentration of inlet air, clean air, and extracted air from both compartments was 
continuously measured using a quadrupole mass spectrometer. The analysis was 
continued until no changes were observed in the toluene concentrations of both 
chambers. 
Extract, C2 (t)< 
Clean air in 4 
c 
Contaminatedc 
air in ' 
Extract, Q (t)< 
Figure 2-5: Twin compartment (Hansson and Stymne, 2000) 
Establishing the mass balance equations for both chambers, the authors developed a 





vapor diffusion inside the material, and interior sorption. Accounting for mass transport 
processes, the mass conservation equation for the contaminated compartment can be 
expressed as: 
dC, 
V l- = KgA(Csl - C , ) + $ , (C 0 - C , ) Equation 2-21 
where Fis chamber volume (m3), C] is chamber bulk air concentration (kg/m ), Cs,i is 
the concentration of air close to the surface of the material (kg/m3), t is time (s), A is the 
exposed area of the specimen (m2), Kg is the mass transfer coefficient between bulk air 
and air close to the surface (m/s), qi is the chamber air flow (m3/s), and Co is the chamber 
inlet concentration (kg/m3). 
Similarly, establishing the mass conservation equation for the air in the clean chamber 
results in: 
V 2- = KgA(Cs2 - C2) + q2C2 - gAC2 Equation 2-22 
The subscript 2 designates the clean chamber, and g is a rate constant for compound 
depletion (m/s) (i.e., an irreversible sink in the clean compartment). 
The adsorption process at the surfaces of both sides of the specimen is modeled by the 
reversible linear adsorption isotherm described earlier: 
Ys = Cs • Ks Equation 2-23 
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where Ys is the surface concentration of adsorbed compounds (kg/m ), Cs is the 
concentration of air close to the surface of specimen (kg/m3), and Ks is the equilibrium 
constant for surface adsorption. 
The following equation illustrates the conservation of adsorbed mass at the surface of the 
specimen on the contaminated side: 
dCs, K. D 
at Ks Ksh 
where D is the gas diffusion coefficient (m2/s), h is the utilized grid distance inside the 
material (m), and Q=j is the gas concentration at a distance h from the surface (kg/m ). 
Similar to the Equation 2.21, we can drive an equation for conservation of adsorbed mass 
on the clean side of material. 
The diffusion process inside the material is regarded as one-dimensional according to 
Fick's second law. 
dC, D d2Ct 
= r*- Equation 2-25 
8t Kt dx2 
Also, interior sorption is treated as an instantaneous and reversible process following 
Henry's law: 
Yt (x) = C, (x) • K, Equation 2-26 
where Yi(x) is the local concentration of a compound inside the material at distance x 
from the surface (kg/m3), Q(x) is the concentration of gas in the material pores (kg/m3), 
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and Kt is the equilibrium partitioning coefficient between the gas concentration and the 
total concentration. 
The parameters D, Kt and g in the model can be determined by solving the system of 
equations numerically. However, since the values of these parameters are obtained 
simultaneously to yield best fit to the experimental data, it is probable the method will 
result in multiple sets of best-fit. In addition, Kg was evaluated based on a guesstimate, 
and Ks was obtained from earlier studies. 
2.5.3 Porosimetry Test Method 
Using the Mercury Intrusion Porosimetry (MIP) test, Tiffonnet et al. (2000) and 
Blondeau et al. (2000) computed the diffusion coefficient for methane, ethyl acetate, 
n-octane, and n-dodecane. Their study was intended to make a comparison between 
calculated diffusivities and measured values in order to assess the methodology's 
applicability to building materials. 
Their approach consisted of carrying out MIP tests, and then determining the tortuosity 
factor based on a mathematical model proposed by Carniglia (1986). In that model, the 
author showed that the parameters presented in calculating the effective diffusion 
coefficient (Equation 2.6), can be measured (s) or computed (D and x) from porosimetry 
tests. The proposed model took into account pore interconnection, pore constriction, and 
pore random orientation. 
Results obtained using this model have showed agreement with measured values. Despite 
significant discrepancies observed between measured data and predicted data, they are in 
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the same order of magnitude. Applicability, however, is limited to homogeneous and 
single layer materials. Therefore, the model is not useful in evaluating the diffusion 
coefficient of non-porous materials and furniture such as carpet, or material assembly 
such as painted gypsum board. Further, the influence of possible interactions between the 
VOC and the building materials is not considered in this model, which may lead to 
inaccurate results. On the other hand, the test can be completed within 2 hours, which is 
much shorter than the relatively long periods required by other methods to be stabilized 
and reach steady-state conditions. Testing various VOCs at different temperatures in just 
one run could be another advantage of this method. 
In a subsequent study, the authors concluded that the diffusion coefficient is proportional 
to the porosity of the materials (Blondeau et al. 2003). Furthermore, obtained data were 
greater than those measured by the cup method or the CLIMPAQ method. 
2.6 Influence of the Environmental Conditions on Diffusion Coefficient 
Among the environmental parameters, indoor air temperature and relative humidity are 
believed to have effects on VOC emissions from building materials (Haghighat and de 
Bellis, 1998). Although this subject has received particular attention from researchers, an 
independent assessment of the influence of the environmental conditions on emission 
parameters such as diffusion coefficient and partition coefficient is still lacking. 
Investigating the diffusion coefficient and/or partition coefficient individually can be an 
effective approach to better know the impact of environmental conditions on the emission 
characteristics of the building materials. That is, the results avoid having a risk of 
interdependence (Zhang, 2005). 
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Accordingly, Zhang et al. (2007) developed a method, so-called C-history, to measure 
variations of the diffusion coefficients and the partition coefficients of formaldehyde in 
dry building materials with temperature. For all four tested materials, they reported trends 
of decrease in partition coefficient and increase in diffusion coefficient with increasing 
temperature, respectively. Haghighat et al. (2002) pointed out that small differences in 
temperature may result in minor effects on diffusion coefficients. Also, Won and Shaw 
(2004) demonstrated a correlation between diffusion coefficient and molecular weight, 
air temperature, and initial concentration through fitting the following equation to all the 
measured data from experiments: 
D = {bx + b2 • MW)^ + b4 • T)(b5 +b6-C0) Equation 2-27 
where D is the diffusion coefficient (um2/h), MW is molecular weight, T is air 
temperature (°C), Co is the initial concentration of a chemical in a paint sample (g/L), and 
bi, b2, b3, b4, bs, and be,, are correlation constants. 
Equation 2-27 was used to investigate the VOC emission from solvent-based paint and is 
solely valid for non-polar compounds (alkanes and alkyl benzenes). 
In the same study (Won & Shaw, 2004), relative humidity was found to have no effect on 
emissions of VOCs belonging to two non-polar groups of compounds, namely alkanes 
and alkyl benzenes. In another study based on porosimetry test method, Bouilly et al. 
(2006) investigated the influence of humidity on VOC effective diffusivity in materials 
using both the VOC molecular diffusivity in air and the pore size distribution of the 
material as input of a mathematical model. This model computes the effective diffusion 
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coefficient of the corresponding VOC/material system. From the results obtained, no 
effect was observed from humidity on the diffusivities in both particle board and gypsum. 
However, a considerable decrease in the acetone diffusivity in mortar was found with 
increasing relative humidity from 50% to 80%. 
2.7 Relation between Physical Properties and Diffusion Coefficient 
According to the reviewed literature, diffusion coefficients measured by aforementioned 
techniques were then related to the physicochemical properties of VOCs. Using a 
diffusion-controlled emission model, He et al. (2005) reported on decrease of diffusion 
coefficient of four alkanes emitted from six carpets as molecular weight increases. For 
same functional group Cox et al. (2001) conducted the diffusionmetric test and concluded 
that diffusion coefficients of alkanes correlate well with molecular weight. Meininghaus 
et al. (2002) found a clear correlation of the calculated diffusion coefficient with the 
boiling point of the corresponding halogenated aromatic compounds. They also 
conducted a multiple linear regression of the known substance properties (boiling point 
and molecular area) to test whether other physical properties of same group of 
compounds also influence the diffusion coefficient. For their bilinear model, they found 
reasonably high dependency (correlation factor = 0.929) of diffusion coefficient on 
mentioned physical properties. Besides, they confirmed that the diffusion of less polar 
compounds in gypsum board can be fast. In addition to this study, these researchers also 
studied the interaction of a single VOC with an indoor material in presence of other 
VOCs. Jorgensen & Bj0rseth (1999) concluded that this interaction may not be 
influenced by the presence of other VOCs. That is, whether it is tested as a single 
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compound or in a mixture of compounds, a VOC shows similar emission behavior. This 
might be interpreted by the abundant amount of adsorption sites compared with the 
relatively small number of adsorbing VOCs (Meininghaus et al., 2002). 
2.8 Summary and Conclusions 
This Chapter reviews the related studies dealing with the measurement of building 
materials typically used in indoor environments. It began with an introduction to 
sink/source behavior in building materials, a discussion of the influence that these 
behaviors may have on IAQ, and the importance of the issue of IAQ. Some fundamental 
concepts involved in sink/source behavior were then reviewed, and various mechanisms 
of diffusion and adsorption were summarized. Physical models to predict VOC emission 
from building materials were also classified into one-phase models and multi-phase 
models. Input parameters of these models can be found to yield best fit to the 
experimental data. Finally, the major techniques used to measure the diffusion 
coefficients of building materials were explained, and influence of environmental factors 
on the results of these measurements reported in the literature was discussed. A summary 
of measurement methods based on Lee (2003) is shown in Table 2.1. 
The literature survey indicates that environmental conditions have an impact on the 
VOCs diffusion coefficient. However, more fundamental studies are needed to examine 
the effects and to have a practical measurement of VOCs diffusion coefficient in building 
materials. It is believed that the observed discrepancies in effective diffusion coefficients 
obtained by different methods result from the different diffusion mechanisms applied 
and/or the difference in boundary conditions. For instance, as the material specimen is 
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subjected to saturated VOC concentrations in the cup method, the effective diffusion 
coefficients obtained are significantly higher than those measured by the twin chamber 
approach. 
Table 2-1: Summary of measurement methods (Lee, 2003) 
Method 
Cup method 
Kirchner et al. (1999); 
Hansson et al. (2000) 
Twin chamber method 
Meininghaus et al. 
(1998); Hansson and 
Stymne (2000); 
Bodalal et al. (2000) 
Porosimetry test 
method 
Tiffonnet et al. (2000); 
Blondeau et al. (2000) 
Test procedure 
• Specimen placed 
over liquid 
contained in a cup, 




weight loss using 
microbalance 
• Calculation of De 
using Fick's 1st law 
• Specimen placed 
between two 
identical chambers 
• Introduction of 
VOCs at a constant 
concentration in one 
chamber, and clean 





of air in both 
chambers air using 
GC 
• Calculation of De 
using Fick's 1st or 
2nd law 







• Simple experimental 
procedure 
• Simple calculation 
technique 
• No limitation on 
material type 
• Controllable VOC 
concentration 
• No limitation on 
materials 
• VOC mixture can be 
tested: De of various 
VOCs can be 
obtained from one 
test 
• Short experimental 
time (max. 2 hours) 
• De of various VOCs 
at various 
temperatures can be 




overestimation of De 
due to high VOC 
concentration (wet 
cup test) 
• Only one VOC in 
one test 






• Long experimental 
time to reach steady-
state conditions 
• Possible multiple 










• No consideration of 
the possible 
interaction between 
the VOC and the 
material 
Based on this review of available methods, the twin chamber method would be selected 
in order to achieve the study goals. Regardless of complications in the experimental set-
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up, this approach is promising for measuring the diffusion coefficients of dry building 
materials. It offers the advantage of allowing researchers to control the level of VOC 
concentration, selecting any kind of material without limitation, and simultaneously 
testing VOCs in a mixture. 
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Chapter 3 
Experimental Set-up and Methodology 
3.1 Introduction 
As noted earlier, an experimental procedure was needed to determine the diffusion 
coefficient of VOCs in building materials, as well as to evaluate the influence of 
environmental conditions on those coefficients. In addition, experiments conducted for 
this study were intended to provide a database of input parameters for modeling 
purposes; the study has, therefore, taken into account that the experimental design covers 
the whole range of possible environmental conditions. The possibility of controlling the 
concentration of the VOC and keeping it at a relatively low level close to actual indoor 
environments was considered to be the main advantage of choosing the two-chamber 
method. The experimental design for this type of study, as well as the experimental set-up 
and procedure, are described in the following sections. 
3.2 Experimental Design 
In order to achieve the objectives described in Chapter 1, a plan was proposed to 
investigate the influence of temperature, relative humidity, and the mixture of VOCs on 
diffusion coefficients. Five VOC compounds were selected: octane, isopropanol, 
cyclohexane, ethyl acetate, and hexane. The temperature levels were: 15, 23, 31 and 
39°C, and the selected relative humidity levels were: 0%, 20%, and 40% (all at 23°C). 
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Considering all the possible combinations of these factors yields 12 series of 
experiments. This enables us to perform a systematic analysis involving full factorial 
design which consists of 2 factors (temperature and relative humidity) at three different 
levels of humidity and four different levels for temperature. Ceiling tile was chosen as the 
target material. 
The second design was intended to compare the diffusion of a compound as part of a 
mixture with diffusion of a single compound through a specimen. Hence, all the VOCs 
used in the mixture in the first plan were individually tested at 23°C and 20% of relative 
humidity so that the difference could be measured by comparison to respective mixture 
tests. 
In addition, VOC species were selected to be representative of the whole range of 
physicochemical properties of VOCs such as boiling point and polarity. That is, each 
represents a different boiling point or polarity. Thus, another goal of the study, which is 
to observe how physicochemical properties of VOCs affect diffusion coefficients, could 
be achieved. 
3.3 Experimental Set-up 
A two-flow technique was used to satisfy the aims of this study. In an overview, this set-
up consisted of four main components including a chamber assembly, air supply system, 


























Figure 3-1: Schematic diagram of the experimental set-up 
The chamber assembly consisted of two identical cylindrical chambers; the material 
specimen was placed between their open ends and separated them. The volume and 
diameter of each cylinder was 2.7 liter and 0.13 m, respectively. In order to minimize the 
potential sink effect, the internal wall of the chambers had a smooth surface texture so 
that adsorption of VOCs into the walls would be negligible. Each chamber was equipped 
with an inlet and an outlet port through which the chambers were continuously ventilated 
with fresh air or contaminated air. 
The air supply system included a cylinder containing carrier gas coupled with a 
humidifier. Carrier gas was supplied by commercially compressed nitrogen (UHP 5.0) 
with a purity grade of 99.999%. A portion of pure nitrogen was blown into the distilled 
water to be humidified. This humidified portion was then mixed with the dry portion at a 
specific ratio so that the desired level of humidity could be achieved. The ratio was 
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manually adjusted by employing valves for both the humidified and dry streams to obtain 
the required flow rate and humidity. The relative humidity of nitrogen was measured 
using a humidity meter (Testo 625), and the flow rate of nitrogen using a mass flow 
meter (Matheson mass flow controller model 8270) which was set to deliver 4.2 1/min. 
The mass flow meter was calibrated with a primary flow meter (Bios model DryCal DC-
Lite). Subsequently, the carrier gas was split into two streams with equal flow rates. One 
stream was directed to the inlet of the lower chamber to ventilate it while the other stream 
(contaminated with VOC) was directed to the inlet of the upper chamber. By adjusting 
the rate of VOC injecting into the second stream, the desired level of VOC concentration 
was achieved. A syringe pump (kdScientific) coupled with a 250 ul Hamilton gas tight 
syringe was used to inject the VOC and generate contaminated air. 
Subsequently, samples from both chamber outlets were periodically collected in two 
separate prepacked thermal desorption tubes (Supelco Air Toxics stainless steel sampling 
tubes). Each sampling tube was connected to a vacuum pump (Gilian personal air 
sampler model GilAir-3) that had been adjusted to draw out a flow of 50 cc/min from 
outlet stream for one minute. The two vacuum pumps were operated simultaneously to 
prevent any pressure difference across the sample. 
In the analyzing unit, samples were analyzed using a thermal desorber (Perkin Elmer 
model TurboMatrix 350) and GC/MS analyzer (Perkin Elmer model Clarus 500). 
The entire experimental set-up was kept in a controlled chamber at the desired 
temperatures. 
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3.4 Preparation of VOCs, Material Specimens, and GC/MS Apparatus 
3.4.1 VOC Preparation 
It was decided to select VOCs representing a wide range of molecular weights, boiling 
points, and polarities. Accordingly, octane, isopropanol, cyclo hexane, ethyl acetate, and 
hexane were selected. Table 3.1 lists the physicochemical properties of these compounds. 





















































The diffusion coefficient of each compound was measured individually as well as in a 
mixture. In the mixture test, in order to prepare a solution with an equal partial 
concentration of each compound, the compounds were mixed together in pure form (GC 
or HPLC grade) at a specific ratio (based on their density) in a volumetric flask and then 
diluted to the desired level with methanol as solvent. The procedure of calculation is 
described in Appendix A. 
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3.4.2 Material Preparation 
Ceiling tile, commonly used as a material in building structures, was selected for this 
study. It was cut into circular specimens of 0.13 m in diameter. Before each test, the 
specimen was baked in a oven at 60-70°C to release the residual VOCs within the 
material followed by conditioning with pure nitrogen for an hour to minimize the 
remaining VOCs. To ensure that all possible contamination had been removed from the 
tile, background contamination was checked by sampling air from both outlet ports 
before starting the injection. 
3.4.3 Sampling Tubes 
Before testing, sampling tubes (Supelco Air Toxics stainless steel sampling tubes) were 
preconditioned by passing a 50 cc/min flow of compressed helium (UHP 5.0) through the 
tubes for 10 min at 350°C. Conditioned tubes were wrapped with aluminum foil and then 
stored in the refrigerator to prevent any contamination. 
3.4.4 GC/MS Calibration and Method Development 
Before starting the experiment, an analytical system was calibrated for each compound. 
To do so, a set-up was designed as illustrated in Figure 3.2. Using a syringe pump, the 
solution of VOCs prepared for the test was smoothly injected at a set rate into a flow of 
pure nitrogen with a constant flow rate of 2.1 1/min. At the sampling port designated to 
connect the sampling tube and the vacuum pump, samples were collected with the same 
sampling volume as in the diffusion measurement test (i.e., vacuum flow rate of 50 
cc/min for a sampling time of one minute), and then analyzed using GC/MS. A method 
was developed for the thermal desorber and GC/MS analyzer as follows. First, in the 
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thermal desorber unit, the sampling tubes were desorbed at a temperature of 300°C for 10 
minutes while the temperature of the trap was set at -20°C. Subsequently, the trap was 
desorbed at 300°C for 5 minutes. The temperature of the transfer line that connects the 
thermal desorber unit to the GC column was kept at 250°C. The GC method began at 
45°C, and its temperature was held steady for 2 minutes. Then, it was increased to 65°C 
with a heating rate of 2 °C/min and kept at this temperature for another 2 minutes. 
Subsequently, the oven temperature was increased to 200°C to burn out all the residues. 
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Figure 3-2: Schematic figure of the sample collecting system 
By varying the injection rate, different concentrations were obtained and a calibration 
curve was plotted with 5 data points (including zero point) for the low concentration zone 
and 4 data points for the high concentration zone. Calibration curves and a description of 
their calculations are provided in Appendix B. 
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3.5 Experimental Procedures 
A number of preliminary tests were performed to refine the experimental procedures and 
to determine the most suitable values for experimental parameters and conditions. 
Precautions taken before conducting the diffusion measurement included checking for 
pressure difference across samples and balancing chamber pressures, cleaning the test 
chambers, checking for air leakage, measuring background contamination, and finally 
implementing the measurement. 
3.5.1 Checking for Pressure Difference 
One of the most serious sources of error that may result in misestimation of diffusion 
coefficients is a pressure difference across the specimen. This pressure difference creates 
forced diffusion so that the assumption of pure diffusion would no longer be valid. In 
order to estimate the extent of the pressure difference effect, some changes were made to 











Figure 3-3: Diagram of a twin chamber modified to measure permeability 
In this case, the material specimen was placed between the two open ends of the chamber 
assembly while the outlet port of the upper chamber and the inlet port of the lower 
chamber were blocked. The entire flow was then directed within the material. According 
to Darcy's law, if a pressure drop takes place across a porous medium, fluid flows 
through the porous medium proportional to that pressure gradient (Bird et al., 2002): 
Equation 3-1 
where, Q is the total discharge (m3/s), K is the permeability of the medium (m2), A is the 
cross sectional area to flow (m2), ju is the viscosity of fluid (Pa.s), and VP is the 
pressure gradient vector (Pa/m). 
For a given flow rate of compressed air passing through the specimen, the created drop 
across the specimen was recorded using a micro manometer (DP-Calc Model 8702). 
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Solving Equation 3.1 when Q, A,^i, and VP are known yields permeability of air 
through the building material as shown below. 

























From Table 3-2, an average value of 4.20E-12 m2 for permeability of air, K, can be 
assumed in order to estimate the magnitude of the forced diffusion as explained in the 
following procedure. 
Dividing both sides of Equation 3.1 by the cross-sectional area, A, and multiplying it by 
the bulk density (pb) yields total mass flux, Jt, the unit of which is kg/m .s. 
Jt= — • VP Equation 3-2 
M 
then the partial mass flux of species i due to advection is: 
J.
 =tUi.Jt=-£L. 1l£b., Vp = _pi . E. VP Equation 3-3 
Pb M M 
where mi is the mass fraction of species i, and pt can be replaced with the concentration 
of species /, c,. 
By replacing appropriate values in Equation 3.3 and assuming a small pressure difference 
of 0.001 inF^O (or 0.25 Pa), which is the accuracy of the measuring device, the 
contribution of mass flux due to pressure difference is given as: 
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J,-c,.£.jg-c,.'"''"'-ni._!!JL-.-ixlo^.c, 
fx dx 1.81xl0~5 1.18xl0~2 
On the other hand, the contribution of pure diffusion can be obtained using Fick's first 
law (Equation 2.1). Assuming 10"6 as the order of magnitude of the diffusion coefficient, 
diffusion is calculated as: 
j
 = „Dd£ „ _ i 0 - 6 x ^ - — » 10-*dC 
dx 1.18xl0"2 
Also, by assuming that the magnitude order of Q is the same as dC, the error ratio (i.e., 
Jt/J) created due to the presence of slight pressure differences (0.001 inF^O) would be up 
to 5% in the calculated diffusion coefficient. This pressure difference, which is highly 
probable due to the sampling system or because of the plumbing system of the setup, has 
not been considered in many earlier studies. In this study, an attempt was made to 
eliminate any pressure difference across the specimen (as low as 0 + 0.001 inH20). This 
was done by bending the flexible Teflon tube used in the plumbing of the set-up, or 
reducing the sampling volume to 50 cc/min which is considerably lower than the 
ventilation rate for each chamber (2.1 1/min). 
3.5.2 Cleaning the Test Chambers 
The following measures were taken to make sure that all contamination was wiped off 
and the chambers were clean: 
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• First, the chambers were completely washed with laboratory detergent and 
distilled water, and then the internal walls of the chambers were rinsed using 
isopropyl alcohol in a 70% solution. 
• Distilled water was used to rinse the chambers again. 
• Using clean lint-free cloth and compressed air, the chambers were dried. 
• Using compressed air and pure nitrogen, the chambers were purged for two hours 
before the experiments. 
3.5.3 Checking for Air Leakage 
Another factor that can reduce the accuracy of measurement is air leakage. Hence, some 
precautions were taken to assure the tightness of the system such as taping the edges of 
the specimen using Teflon tape, shutting the open ends of two chambers using three 
commercial clamps, and measuring the air flow rate into and out of the chamber to verify 
if there was any difference between them. Also, liquid leak detector was applied on all 
connections to make sure there was no leakage. 
3.5.4 Measuring Background Contamination 
As stated earlier, specimens had to be conditioned before testing. Therefore, the whole 
experimental set-up was assembled, (see Figure 3.1) except the connection of the syringe 
pump, and then preconditioned first with compressed air and then with nitrogen for two 
hours. Before running the experiment, the concentration of outlet streams was measured 
using a sampling tube and recorded as background contamination. If the amount of this 
contamination was less than the sensibility of the analytical system, there would be no 
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need to subtract it from the concentration of VOC in the diffusion coefficient 
measurement. 
3.5.5 Starting Test 
After completing all the preparation operations outlined above, measurement of the 
diffusion coefficient was begun by injecting a VOC or a mixture of VOCs into the flow 
ventilating the upper chamber. Afterwards, samples were taken from both outlets 
approximately every 30 minutes until equilibrium was reached. 
3.6 Summary 
In this chapter, a two-chamber experimental set-up was developed to conduct a 
measurement test to find diffusion coefficients of VOCs as a single compound or of a 
mixture of VOCs. The experimental set-up was designed to be able to investigate the 
effect of environmental conditions (temperature and humidity). It was observed that 
results can be dramatically affected by disregarding pressure differences across the 
specimen. Special consideration was given to preventing any pressure differences across 
the specimen. Thus, the following experimental study procedures are: 
• Step 1: A twin chamber experimental set-up was assembled to measure the 
diffusion coefficient of selected VOCs through the given building material. 
• Step 2: VOCs to be tested were prepared in desired concentrations. Besides, 
specimen (ceiling tile) was conditioned before testing. 
• Step 3: The analytical instruments (GC/MS) were calibrated for selected VOCs. 
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• Step 4: Before starting, a number of preliminary precautions were taken to 
minimize the pressure difference across the specimen, and to avoid possible air 
leakage. On top of that, the whole experimental set-up was preconditioned, and 
background contamination was recorded. 
• Step 5: The experiment began with measuring the diffusion coefficients of 
individual compounds followed by testing a mixture of VOCs. 
• Step 6: Temperature and relative humidity of the experimental environment were 
varied to obtain diffusion coefficients at different environmental conditions. 
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Chapter 4 
Experimental Results and Data Analysis 
4.1 Introduction 
In the first part of this chapter, the results of diffusion coefficient measurements are 
presented. In studies to investigate the influence of material properties on VOC emission 
rates (Little et al., 1994; Yang et al., 2001; Huang & Haghighat, 2002), it was concluded 
that among the considered parameters (diffusion coefficient, partition coefficient, 
thickness of solid, and air velocity), only the diffusion coefficient and material thickness 
have a significant effect (Huang & Haghighat, 2003). However, these studies ignored the 
impact of temperature, relative humidity, and VOC mixture because of a lack of data. 
Hence, through a two-factor statistical analysis, a systematic parametric study was 
conducted in this chapter to provide more details on the impacts of two independent 
environmental factors (temperature and humidity) on diffusion coefficients and their 
interaction effects. 
4.2 Theory of Mass Transfer in Building Materials 
Since VOC concentration levels in indoor environments are very low in comparison with 
the saturated concentration, adsorbed-phase diffusion can be neglected for the purposes 
of this study, therefore, mass transfer through building materials is assumed to be a gas-
phase diffusion (Tiffonnet et al., 2000). Thus, as explained in Chapter 2, a modification 
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on Fick's first law (Equation 4.1) as used by Meininghaus et al. (1998, 2000) can be used 
to describe mass transfer within ceiling tile and to measure the effective diffusion 
coefficient in steady-state conditions. 
_. m Ax Vd C, 
D„ff = = Equation 4-1 
eff
 A Ac A C2 - C, 
where De/f is the effective diffusion coefficient (m2/s), m the mass flow through the 
material (mg/s), A the area of specimen (m2), V the air flow rate (m3/s), d the material 
thickness (m), and Cj and C2 are the VOC concentration at the steady-state condition in 
the primary (contaminated air supplied) and secondary (clean air supplied) chambers, 
respectively (mg/m3). 
The assumptions made to allow the above method to be used in this study are: 1) the 
concentration gradient in the material is approximately linear; 2) the diffusion through the 
boundary layer of air is fast so that respective resistance is negligible; 3) the diffusion 
coefficients are not dependant on concentration; and finally 4) the mass flow through the 
material equals the mass flow out of the lower chamber (Meininghaus et al., 1998 & 
2000). 
4.3 Calculation Procedures 
After analyzing the samples from the upper and lower chambers while the experiment 
was running, the obtained concentration versus time was plotted for each compound. 
Then, for every pair of concentrations (lower concentration and respective higher 
concentration), an instant diffusion coefficient was calculated using Equation 4.1. From 
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then on, the effective diffusion coefficient was averaged out. Appendix C provides the 
detailed calculations that resulted in the following outcomes. 
4.4 Experimental Results and Discussion 
In this section, results are presented in three subsections: the results of the diffusion 
measurement obtained for each compound individually; the results of the diffusion 
measurement for a mixture of compounds; and the results of the diffusion measurement 
when temperature and humidity vary. Results from the present study are then discussed 
and compared with those in the literature. However, it should be noted that a direct 
comparison is impossible since the material and VOCs tested in this study are not 
identical with those tested in the literature. Further, each diffusion coefficient obtained by 
different investigators implies a different concept; for instance, the diffusion coefficients 
measured by Kirchner et al. (1999) using the cup method, CLIMPAQ method, and 
microbalance method take into account the resistance of the boundary layer on both sides 
of the material. That is, the partitioning between the gas phase and the material phase is 
included in the calculated effective diffusion coefficient, while other researchers 
separated these two parameters. 
4.4.1 Diffusion Coefficient for a Single Compound 
Diffusion coefficients of five VOCs in ceiling tile were individually measured at a 
temperature of 23°C in dry conditions. The VOCs were isopropanol, hexane, 
cyclo hexane, ethyl acetate, and octane. Results are listed in Table 4.1. 
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The ranking of the investigated compounds with respect to their diffusion coefficients is: 
hexane ~ cyclo hexane > isopropanol > ethyl acetate > octane, which means, under same 
circumstances, ceiling tile is less permeable to octane than ethyl acetate, and so on. With 
due attention to the overlap of their standard deviation range, hexane and cyclo hexane 
can be considered to have similar diffusion coefficients. 
4.4.2 Relationship between Molecular Weight, Vapor Pressure, and Polarity of VOC 
and D Measured for a Single Compound 
Figure 4.1 illustrates the relationship between the boiling point of the tested VOCs and 
the diffusion coefficient of the VOC through the ceiling tile. Although the compound 
with the highest boiling point (octane) has the least ability to diffuse through the material, 
and the lightest one (hexane) possesses the highest diffusion coefficient, no definite trend 
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Figure 4-1 : Diffusion Coefficient versus Boiling Point 
However, by plotting the determined diffusion coefficients versus vapor pressure (Figure 
4.2), it can be inferred that the diffusion coefficients of different VOCs are positively 
related to the vapor pressure. 
Overall, by considering that selected VOCs do not belong to a same functional group, 
observed relationships between diffusion coefficient and boiling point, and between 
diffusion coefficient and vapor pressure in this study are in good accordance with 
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Figure 4-3: Diffusion Coefficient versus Molecular Weight 
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Additionally, no clear correlation was observed between the diffusion coefficient and 
molecular weight (Figure 4.3) or between the diffusion coefficient and the polarity of the 
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Figure 4-4: Diffusion Coefficient versus Polarity Index 
4.4.3 Comparison of Diffusion Coefficients for a Single Compound and a Mixture of 
Compounds 
Similarly, diffusion coefficients of VOCs in a mixture were obtained at 23°C in dry 
conditions, as summarized in Table 4.2. This run was performed twice to assure the 
repeatability of tests. Note that in the mixture test, all the compounds collected in the 
sampling tube had to be analyzed simultaneously through a same method developed for 
GC/MS. Because of this limitation in the GC/MS based program, toluene and isopropanol 
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failed to comply with the sensitivity requirements of the detection instruments; therefore, 
they were excluded from the test. 























Coefficient (m /s) 
Standard 





























Obtained diffusion coefficients were then compared with the results of the diffusion 
coefficient of respective VOCs in the test as an individual compound (Figure 4.5). 
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Figure 4-5: Comparison of Diffusion Coefficients for a Single Compound and a Mixture of 
Compounds 
Although diffusion coefficients of cyclo hexane, ethyl acetate, and octane in individual 
tests were slightly lower than those in the mixture test, taking the standard deviations into 
account, diffusion coefficients for all tested VOCs, in their individual form, were found 
to be of the same order of magnitude as the determined diffusion coefficients of VOCs in 
a mixture (Figure 4.5). This outcome agrees well with the previous finding by Jorgensen 
& Bjorseth (1999) and Meininghaus et al. (2002). As stated earlier, this fact might be 
interpreted by the abundant amount of adsorption sites compared with the relatively small 
number of adsorbing VOCs. 
4.4.4 Influence of Temperature and Humidity 
As described in Chapter 3, in the experimental design for this study, particular attention 
was paid to systematically investigating the influence of temperature and humidity on 
diffusion coefficients and to quantifying the effects. The results are summarized in Table 
4.3. 
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The statistical analysis of this set of data is described in the next section. It required two 
independent factors: temperature and humidity content. As a result, instead of relative 
humidity, specific humidity was chosen as the second independent factor. Chosen values 
for specific humidity in Table 4.3 correspond to 0%, 20%, and 40% of relative humidity 
at room temperature (23°C), respectively. 
4.5 Statistical Data Analysis 
4.5.1 Full Factorial Design in Three levels 
A three-level full factorial design is an experimental design with all input factors set at 
three levels each, and the experiment is carried out at all possible combinations of all the 
input factors. These levels are called high, low, and center (standard) point, or +1, -1, and 
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0, respectively (NIST/SEMATECH 2007). In this study, it is of interest to ascertain the 
relative importance of two main factors: humidity (factor A), and temperature (factor B), 
as well as the two-factor interaction (v4x5).This requires 12 runs, the results of which 















































y : mean of all ab observations 
observations 
Y : sum of all ab 
Each observation in Table 4-4 may be written as 
ytj =MT+ ai + Pj + (aP)ij + £y Equation 4-2 
where juT = the overall population mean 
at = the average treatment effect of factor A at level a,- (a t - /ut - /uT) 
J3j = the average treatment effect of factor B at level bj (/?;. = jUj - juT) 
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(afi)^ = the interaction effect of the z'th level of factor A and theyth level of factor 
B ({aP)v = fiy - ju, - pj + Mr) 
stj = experimental error associated with each score {s(J = ytJ - juy) 
By splitting the total sum of squares of our obtained data into four components by means 
of the following identity, the analysis of variance of the two-factor experiment can be 
performed (Walpole, 2002). 
E I I O v -yJ =bnt(yi.. -x..)2+«»i>.y. -yJ2 + 
M j=\ k=\ j=\ j=\ 
a b a b n Equation 4-3 
wEZ0v -yi.-y.j.+y..)2 +ZEZ(% -^.)2 
where n is the number of replications. 
Symbolically, the sum-of-squares identity may be written as 
SST = SSA + SSB + SS(AB) + SSE Equation 4-4 
where SSA and SSB are the sum of squares for the main effects A and B respectively, 
SS(AB) is the interaction sum of squares for A and B, and SSE is the error sum of squares. 
Dividing each of the sum of squares on the right side of equation 4.4 by their 
corresponding number of degree of freedom yields mean squares as below: 
c 2 _ SSA „2_SSB 
^ ^ SS(AB)
 c 2 _ SSE Equa t ions 
( a - 1 ) 0 - 1 ) ab(n-\) 
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Since there was only one replication in this survey, there would be no variability due to 
the difference of output within a group (i.e., experimental error); consequently, the fourth 
term (S2), which facilitates calculating the F factor, can not be computed. Instead, the 
term Standard Omega Squared (co2) was employed so as to discuss the parameter effects 
and their interaction effects (Huang and Haghighat, 2003; Huang, 2003). This value 
reflects the proportional amount of the total variance that is attributed to the variation 
among the factor effects (Keppel, 1991), defined as 
SS 
CO2 = Equation 4-6 
SST 
By using the following criteria suggested by (Cohen, 1997), one may determine the 
significance of a factor or factor interaction effect: 
A "small" effect is a factor that produces an co1 of 0.01. 
A "medium" effect is a factor that produces an co2 of 0.06. 
A "large" effect is a factor that produces an co2 of 0.15 or greater. 
4.5.2 Analysis of Variance 
For one replication, analysis of variance for hexane, cyclo hexane, ethyl acetate, and 
octane was performed, and the associated co2 was computed for each VOC. In this part, 
the detailed calculation for the values in Table 4.4 is presented for hexane. 
If 7. denotes the sum of the observations for the z'th level of factor A and Y, denotes the 
sum of the observations for they'th level of factor B, then 
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Yn = 1.84E - 06 +1.97E -06 + 1.50E -06 + 1.75E - 06 = 7.06E - 06 yn = 1.76E - 06 
Yi2 = 1.72E -06 + 1.95E -06 + 1.68E -06 + 1.59E - 06 = 6.94E - 06 yi2 = 1.73E - 06 
Yi3 =1.91E-06 + 1.84E-06 + 1.76E-06 + 1.62E-06 = 7.13E-06 ya =1.78E-06 
YXj = 1.84E-06 + 1.72E-06 + 1.91E-06 = 5.47E-06 yXj =2.74E-06 
Y2j = 1.97E -06 + 1.95E - 06 +1.84E - 06 = 5.76E - 06 y2J = 2.88E - 06 
Y3j = 1.50E - 06 +1.68E - 06 +1.76E - 06 = 4.93E - 06 yy = 2.47E - 06 
Y4J = 1.75E -06 + 1.59E -06 + 1.62E - 06 = 4.96E - 06 yAj = 2.48E - 06 
where yu is the mean of the observations for the rth level of factor^, and y j is the mean 
of the observations for they'th level of factor B. 
The mean of all axbxn observations is calculated as: 
y =1.84E-06 + 1.97E-06 + 1.50E-06 + 1.75E-06 + 1.72E-06 + 1.95E-06 + 1.68E-06 
+1.59E-06 + 1.91E-06 + 1.84E-06 + 1.76E-06 + 1.62E-06 = 1.76E-06 
Then the sum of squares for the main effects A would be: 
SSA = bn^(yi -y )2 = 4x1 x((1.76E-06-1.76E-06)2 +...)= 4.85E-15 
and SSB and SS(AB) will be calculated as below: 
SSB = anYj(yj -y )2 = 3xlx((1.82E-06-1.76E-06)2+...)= 1.65E-13 
7=1 
a b 
SS(AB) = nYY, Oij. - yu. - y.j. + yJ2 = 
'=1 y=l 
lx((1.83E-06-1.76E-06-1.82E-06 + 1.76E-06)2+...)=7.48E-14 
65 
Dividing each sum of squares by the total sum of squares yields the relevant Omega 
Squared: 























for main effect B: a1  : = 0.675 
for interaction AB: or  '• = 0.305 
4.85£-15 + 1.65£-13 + 7.48^-14 
The results are summarized in Table 4.5. The obtained co2 is discussed in the next 
section. To better understand the trends, the results are presented in the form of a graph. 
Figures 4.6 to 4.9 demonstrate how diffusion coefficients of tested VOCs, at a constant 
temperature, vary with changes in relative humidity (each corresponds to a specific 
temperature). Except for Figure 4.8, a slight reduction in diffusion coefficients can be 
observed in these graphs when humidity varies from 0% to 40% of RH. Also, the ranking 
of the diffusion coefficients for different VOCs remains more or less unchanged when 
humidity changes. VOCs with different levels of polarity were suspected to show 
different diffusive behavior when humidity content increases. This hypothesis, however, 





























Table 4-5: Summary of the two-factor anal; 
Source of 
variation 
Main effect A 
(Humidity) 
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As Figures 4.10 to 4.12 illustrate, diffusion coefficient seems to be more sensitive to the 
temperature changes rather than humidity changes. This can also be inferred from 
co
2
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Figure 4-9: Diffusion Coefficient vs. RH at T=39°C 
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Figure 4-11: Diffusion Coefficient vs. Temperature at RH=20% 
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Figure 4-12: Diffusion Coefficient vs. Temperature at RH=40% 
4.6 Further Discussion and Uncertainty Analysis 
Using the outcome of the statistical analysis in Table 4.5, a comparison of Omega 
Squared values shows that the diffusion coefficients of all tested VOCs in mixture test 
(hexane, cyclo hexane, ethyl acetate, and octane) are affected by temperature (main effect 
B) rather than by the other factor, humidity, or their interaction (A x B). Moreover, the 
statistical results show that neither the humidity nor the interaction has such a limited 
impact that can be disregarded entirely (all their co2 are greater than 0.01). 
As noted earlier, deviations associated with experimental error were ignored because of 
one-time replications. This condition may lower the level of certainty in our justification, 
and even further, this justification may alter in some cases as the experiment undergoes 










replications is required. In any case, the significance of the Temperature factor was 
observed to be greater than that of the Humidity factor and greater than the interaction of 
the two. 
As illustrated in Figures 4.10 to 4.12, there is an upward trend in diffusion coefficients as 
temperature increases from 15°C to 23°C. However, for some VOCs, the trend is so slight 
that it falls within the range of standard deviation for the measured diffusion coefficients, 
and this may toughen making any solid conclusion. Moreover, an unexpected drop in 
diffusion coefficients occurs as temperature increases further to 31 and 39°C. This might 
be because of less affinity of sampling tube for adsorbing VOCs at higher temperatures 
compared to the room temperature, in which the calibration of GC/MS was carried out. 
Humidity was reported as a factor reducing the diffusion coefficient of VOC as water 
content increases (Bouilly et al., 2006). Here, except for the experimental results obtained 
at 31°C, the other data measured at 15, 23, and 39°C are in agreement with that statement. 
However, the amount of change is very small as their co2 values show. This reduction in 
diffusion coefficients may be explainable by the blockage of microscopic material pores, 
which fill with water molecules; that is, these pores no longer contribute or contribute 
differently to diffusion transports of gases in the material. In another study (Won, 2004), 
however, relative humidity was found to have no effect on emissions of two non-polar 
groups of compounds, namely alkanes and alkyl benzenes. This also is in accord with the 
results of our study in which the diffusion coefficients of two compounds from alkanes 
group, hexane and octane, were observed to be the least influenced by the humidity 
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changes. The omega squared of main effect A (humidity) for these two VOCs had a value 
of co1 = 0.20 (see Table 4.5), and was the smallest compared to the other co2 values. 
In the same study (Won & Shaw, 2004), diffusion coefficients of alkanes and alkyl 
benzenes were described as an increasing function of temperature: 
D = (bx+b2-MW)(b3 + b4 • T)(b5 +b6-C0) Equation4-7 
where D is the diffusion coefficient fu.m2/h), MW is molecular weight, T is air 
temperature (°C), Co is the initial concentration of a chemical in a paint sample (g/L), and 
bi, b2, b$, b4, bs, and bs, are correlation constants. 
According to the correlation 4.7, increasing the temperature from 15°C to 23°C (the first 
and second level of temperature factor in our experimental design might lead to 
magnifying the diffusion coefficient of both alkanes and alkyl benzenes. Comparably, the 
diffusion coefficients obtained in our study showed a similar increasing trend as 
temperature increased from 15°C to 23°C, which agrees well with the other outcomes in 
the literature (Zhang et al., 2007; Won & Shaw, 2004; Haghighat et al., 2002). However, 
the amount of this increase was not found to be of the same order of magnitude as 
literature. This may be interpreted by different characteristics of VOCs as well as 
building materials used by different researchers. Nevertheless, the study described in this 
chapter contributed to the database of VOCs properties and their diffusion coefficients 
under typical environmental condition for representative building material. 
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Chapter 5 
Conclusions and Recommendations 
5.1 Summary 
The present study was intended to help understanding of the interactions among VOCs, 
building materials, and IAQ under different environmental conditions. The main 
objective was to develop an experimental method which enables us to measure the 
diffusion coefficient of different VOCs, with different physical/chemical properties, 
within building materials. The method used also allowed us to investigate the impact of 
environmental parameters, temperature and humidity, on effective diffusion coefficients. 
Both objectives have been achieved in this study. 
Five VOCs, namely octane, isopropanol, cyclo hexane, ethyl acetate, and hexane, were 
studied by using the twin chamber method; their diffusion coefficients in ceiling tile were 
experimentally measured in two different forms: as individual VOCs, and as VOCs in a 
mixture. By using Fick's law and monitoring the concentration gradient at steady 
conditions, diffusion coefficients were calculated and linked to physicochemical 
properties of VOCs. During the measurements, temperature (factor E) was set at 4 levels: 
15, 23, 31 and 39°C and the specific humidity (factor^) varied in three levels: 0, 3.4551, 
and 6.9248 g/kg wet air which represents a relative humidity of 0%, 20%, and 40% at 23 
°C, respectively. In all, 12 runs were performed for all combinations of levels for the two 
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factors, and based on obtained data, a systematic parametric study was conducted to 
quantify the importance of investigated factors in measured diffusion coefficients. The 
statistical procedure of such factorial design was presented with results interpreted. 
Additionally, the magnitude of the measurement error caused by pressure differences 
between the two chambers was estimated and analyzed. 
5.2 Conclusion 
The conclusions of the investigations in this study are as follows: 
• Diffusion coefficients obtained for the five tested VOCs rank as follows: 
hexane ~ cyclo hexane > isopropanol > ethyl acetate > octane. 
That is, under same circumstances, ceiling tile is less permeable to octane than 
ethyl acetate. Also, hexane and cyclo hexane showed the highest diffusivity 
among the tested VOCs. 
• It was found that among different physical/chemical properties, the diffusion 
coefficient is positively related to vapor pressure. That is, diffusion coefficients of 
different VOCs are proportional to increases in vapor pressure, which is 
consistent with results reported in previous studies. 
• No significant difference was observed between the diffusion coefficient of a 
single VOC compound and that of a mixture of VOCs. Therefore, it may be 
recommended to carry out experiments with a VOC mixture. In this way, more 
information can be provided through one single experiment. 
• Study results indicated that temperature and humidity (in the range of a typical 
indoor environment) had a minor effect on the measured diffusion coefficient. 
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Specifically, according to their obtained Omega Squared, the effect of 
temperature as a factor was determined to be greater than that of humidity as a 
influencing factor. 
• The ranking of VOC diffusivity (see above) remained relatively valid under 
changes in environmental conditions. In particular, VOCs with different 
characteristics of polarity showed behaviors similar to those seen with humidity 
variations. 
• By employing Darcy's law, it was showed theoretically that the presence of even 
a minor pressure difference (0.001 inHaO) may cause dramatic error, up to 5%, in 
calculations of diffusion coefficients. For that reason, appropriate precautions 
must be taken before performing the test to balance pressure across the specimen. 
5.3 Limitations of the Present Study 
Among the VOCs to be tested in a preliminary list, some were excluded because they did 
not meet the sensitivity requirements of the detection instruments in the method 
developed for GC/MS. In addition, not all VOCs can be tested using an Air-Toxics 
sampling tube. This kind of sampling tube is recommended for use with dry carrier gas. 
The presence of humidity during sampling affects the obtained data analyzed by MS. 
Consequently, this study was limited to a fairly low range of humidity variations (RH of 
0% to 40% at 23 °C) which is the typical range in indoor environment. Besides, 
measurements were limited to the relatively low temperatures close to the temperature of 
environment at which the GC/MS system was calibrated. Otherwise, it could be the risk 
of data misevaluation. 
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5.4 Recommendations for Future Studies 
• More experimental replications are needed to improve the reliability of data 
obtained from the factorial design used. 
• There are many more building materials typically used indoors and volatile 
organic compounds frequently found indoors than the ones examined in this 
study. In order to establish a database that provides valuable information for 
researchers, manufacturers, and consumers, further research should look at all 
these building materials and VOCs. 
• The experimental method developed in the present study measured the effective 
diffusion coefficients comprising internal diffusion coefficients within materials 
and partitioning between gas phase and material phase. More investigation is 
needed to explore these processes separately so as to have a better understanding 
of the influence of environmental parameters on each phenomenon. 
• The relationship between the structural properties of building materials (e.g., 
porosity) and emission parameters (e.g., diffusion coefficient) still raises 
questions. Further studies should address the nature of this relationship. 
• More research concerning the influence of temperature as well as humidity is 
required, particularly when VOCs characteristics is involved. 
• Another interesting avenue for investigation is the impact of gas phase 
concentration on the measurement of diffusion coefficients in parallel with 
adsorption properties (Huang et al. 2006). 
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